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Introduction 
The human microbiome is increasingly recognized as integral to human health. The  
complex and dynamic relationship between humans and their microbes can vary from 
commensal to opportunistic. Given the fast generation times of most microorganisms, it is 
reasonable to believe that this relationship can evolve and change over a human lifetime. In 
immunocompromised individuals, there are many instances of normally commensal microbes 
becoming opportunistic pathogens.  
The evolution of pathogenicity is an active area of research, but most studies focus on 
bacterial species such as Pseudomonas aeruginosa (McElroy, et al., 2014; Jansen, et al., 2015) 
and those in the Burkholderia cepacia complex (Lieberman, et al., 2011, 2015). In these asexual 
and clonal species, adaptation relies on the acquisition of new, strongly selected mutations that 
sweep rapidly to high frequency. From a pathogenic perspective, these new mutations could 
enable microbes to evade the immune system and take advantage of the human body. These 
evolved microbes could eventually dominate the microbial population, resulting in the fixation of 
their genomic background. Along with the mutations being selected for, any mutations that 
occurred in the genomic background also sweep to fixation. 
The evolutionary transition of commensal to opportunistic pathogens not only occurs in 
bacterial species but in fungal species as well. Due to the complexity of eukaryotic cells and the 
potential for sexual reproduction, the evolutionary dynamics of this transition and the 
architecture of adaptations that lead to pathogenicity may be quite different for fungal species 
than for the bacterial species that have been the focus of this type of research (Long, et al., 2015). 
Additionally, sexual reproduction can reduce linkage disequilibrium through the recombination 
of alleles (Fisher, 1930; Muller, 1932). This would separate the mutations that allow for 
pathogenicity from other mutations accumulating in a genomic background, thus allowing for 
more efficient selection (McDonald, et al., 2016).  
While experimental evolution has not yet been investigated to explore the evolution of 
pathogenicity in fungal species, it has been used to look at the dynamics of adaptation in asexual 
and sexual populations. In a seminal paper, McDonald et al. (2016) compared the molecular 
dynamics of adaptation in initially clonal sexual and asexual Saccharomyces cerevisiae 
populations. In addition to supporting the widely accepted hypothesis that sexual reproduction 
speeds up the rate of adaptation, they also showed that this mechanism is due to recombination 
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relieving clonal interference and preventing deleterious mutations from fixing (McDonald et al., 
2016). 
 Kosheleva and Desai (2017) performed a similar comparison, but in S. cerevisiae 
populations with a large amount of existing standing genetic variation, a scenario that more 
likely resembles natural populations and which is just beginning to be explored.  In contrast to 
clonal populations, populations with vast amounts of standing genetic variation are expected to 
have different drivers of adaptation (Kosheleva and Desai, 2017). Rather than relying on new 
mutations to drive adaptation, highly heterozygous populations rely on its existing variation to 
adapt to new environments. In fact, natural and clinical isolates of S. cerevisiae are often derived 
from "mosaic" backgrounds that appear to be the result of outcrossing events between separate 
genetic lineages.  
The goal of this thesis is to investigate the evolution of pathogenicity in experimental yeast 
populations that include both asexual and sexual reproduction, and in populations that begin as 
clones, as well as those that contain genetic variation.  Specifically we studied the evolution of 
biofilm formation, a phenotype that may be of great importance in opportunistic pathogenicity 
and we aim to answer the following questions:  
1. Does the evolution of pathogenicity proceed more quickly in populations with standing 
genetic variation versus populations in which new mutations are the only source of 
genetic variation? 
2. Do populations with sexual reproduction, which leads to new combinations of alleles, 




Social interactions between microbes can strongly influence their ability to survive and 
reproduce. One example is the formation of complex microbial communities known as biofilms, 
which can be found in almost every environment that microbes inhabit (Gupta, et al., 2016). 
Individuals in the community produce a matrix of extracellular polymeric substances (EPS) 
made predominantly of polysaccharides, proteins, nucleic acids, and lipids. This matrix provides 
mechanical stability, mediates adhesion to surfaces, and serves as an external digestive system 
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(Flemming, 2010). Thus, working together in a community helps individual microbes survive in 
hostile environments and cultivate new niches (Hall-Stoodley and Stoodley, 2009). 
 
Clinical Importance of Biofilms 
Due to their ubiquitous nature, biofilms can be found on both biotic and abiotic surfaces, 
including in clinical settings as infections (O’Toole, et al., 2000; Ramage and Williams, 2013). 
Biofilms have been found to grow on medical implants like catheters, pacemakers, dentures, and 
prosthetic joints, and therefore have the potential to produce bloodstream infections that can 
spread to tissues and organs (Maric and Vranes, 2007; Nobile and Johnson, 2015). According to 
the NIH, biofilms are responsible for over 80% of microbial infections in the United States 
(Maric and Vranes, 2007).  The extracellular matrix allows biofilms to develop resilience to 
antimicrobials and resist host immune responses. Even when antimicrobials manage to enter the 
matrix, the rate of penetration is reduced enough to induce the expression of genes to mediate 
resistance (Hall-Stoodley and Stoodley, 2009). In fact, many commensal microbes have evolved 
into virulent, opportunistic pathogens through this mechanism (Bliven and Maurelli, 2016). 
Numerous studies have investigated bacterial biofilm pathogenesis and the dynamics behind its 
evolution (Miskintye, et al., 2013;  Mayer, et al., 2013). In contrast, studies investigating the 
evolution of virulence in medically relevant fungal species is limited, despite likely having 




Candida albicans is a prevalent fungal species in the human microbiota and commensally exists 
in many areas of the body, particularly the gastrointestinal and genitourinary tracts. (Nobile and 
Johnson, 2015; Mayer, et al., 2013). Changes in host immunity, stress, and variation in one’s 
microbiota can initiate C. albicans overgrowth and lead to infection. Biofilm formation allows C. 
albicans infection to thrive and become difficult to eradicate. Infections range from thrush to 
vaginal yeast infection, to candidiasis, and can affect immunocompromised individuals and 
healthy individuals with implanted medical devices (Nobile and Johnson, 2015). 
 
S. cerevisiae as a Model for C. albicans  
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Despite the pervasiveness of C. albicans infections, studying the evolutionary mechanisms of 
this microbe can be quite challenging. In contrast, the budding yeast Saccharomyces cerevisiae, 
which resides in the same phylum as C. albicans (Asomycota), can serve as a useful model 
organism for tracking the genetic changes that allow for pathogenicity in fungal species. (Nobile 
and Johnson, 2015; Goldstein and McCusker, 2001). Well-known for its role in the fermentation 
of food and beverage, S. cerevisiae can be derived from numerous ecological and geographical 
niches, allowing for an abundance of genetic and phenotypic diversity (Strope, et al., 2015). This 
particular feature makes S. cerevisiae not only serve as a model for fungal pathogenesis but also 
as a strong model for studying evolutionary dynamics. In addition to identifying the genetic 
attributes responsible for pathogenesis through biofilm formation, this thesis will also address the 
longstanding evolutionary hypotheses on the role of sexual reproduction in the rate of adaptation, 
and the interaction of standing genetic variation and de novo mutations. 
 
Importantly, S. cerevisiae is capable of forming biofilms and causing an infection that is 
clinically indistinguishable from invasive candidiasis (Goldstein and McCusker, 2001; Melo, et 
al., 2006; Munoz,. et al., 2005). Unlike C. albicans, infection is quite rare, but reports have been 
increasing in recent decades, with some cases leading to fatality (Chitasombat, et al., 2012; 
Munoz, et al., 2005). Knowledge of the exact mechanisms that give rise to pathogens from non-
clinical backgrounds is still widely unknown. A major advantage of using S. cerevisiae as a 
model organism for fungal infections is the suite of tools available to study it; our knowledge of 
its biology makes genetic manipulations comparatively straightforward. Furthermore, S. 
cerevisiae was the first eukaryote to have its genome sequenced (Goffeau, et al., 1996),  and 
there are now extensive genomic and proteomic databases. These qualities facilitate the process 
of identifying conserved gene products and pathways critical for fungal survival in the 
mammalian environment (Goldstein and McCusker, 2001). 
 
S. cerevisiae Population Genetic Structure 
Over the past decade, numerous S. cerevisiae strains have been isolated from environments all 
over the world. Whole genome sequencing has provided a picture of the structure of the various 
populations (Liti, et al., 2009; Peter, et al., 2018 ). There are populations that appear to be "pure" 
genetic lineages, or isolated populations, and there are strains that appear to be "mosaic", or 
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composed of varying percentages of the pure lineages (Figure 1). While clinical isolates can 
evolve from any of these backgrounds, they are over-represented in the mosaic backgrounds 
(Strope, et al., 2015).  
 
For this thesis, we took advantage of S cerevisiae’s diverse genetic and ecological background 
by performing our experiments on a pure clonal strain and a synthetic mosaic strain with a large 
amount of standing genetic variation, each containing asexual and sexual replicates. We 
specifically analyzed the European Wine strain L-1528 and a strain with a mosaic background tht 
we generated in the lab. While the two strains in our analysis are of non-clinical origin, it is safe 
to assume that their analysis will have implications for the de novo evolution of pathogenicity. 
 
Specific Research Questions 
Aside from the general questions related to the role of sexual reproduction and standing genetic 
variation listed in the Introduction, I was specifically interested in addressing the following 
questions: 
In a clonal background, how many mutations are called? How quickly do they fix over all 
populations, and is there a difference in fixation patterns between sexual and asexual strains? 
Figure 1: Structure plot of over 100 strains from locations and environments around the world. Strains 
annotated with red circles are clinical isolates. European wine strain (L-1528) and a recombinant strain 
(mosaic) will be the focus of our analysis. Figure provided by D. Skelley. 
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What pathways are represented by these novel mutations, and is there any difference between 
asexual and sexual populations?   
 
Materials and Methods  
A previous student, Despina Mason, evolved replicate populations of four pure backgrounds, one 
environmental mosaic background, and one synthetic mosaic background, which was generated 
by mating the other five backgrounds (Table 1). The goal of my thesis project was to analyze the 
genomic data obtained from these experimental populations in order to address the questions 
listed in the Introduction. Below is a brief description of the experimental work, which generated 
the data set (provided by Helen Murphy); details of the Materials and Methods used to complete 
the work in the thesis follows. 
 
Generating Populations 
For the pure strain backgrounds, replicate populations were begun with a single colony from a 
streak plate of a fluorescently labeled natural isolate. For the recombined background, all strains 
were grown, sporulated, and digested independently, then equal amounts of spores of all 5 strains 
were mated and grown in one culture. An aliquot of this mixed culture was used to inoculate the 
replicate populations. For the pure backgrounds, there were 2 replicates of sexual, and 2 
replicates of asexual experimental populations, as well as 2 controls (one sexual and one 










Genomic Background Original Strain HMY Number Source 
(1) Malaysian UWOPS05-217.3 HMY 180 Bertam palm nectar, Malaysia 
(2) North American YPS681 HMY 211 Oak tree exudate, USA 
(3) European/Wine L-1528 HMY 222 Wine, Chile 
(4) West African SK1 HMY 224 Soil, lab strain, USA 
(5) Mosaic YJM311 HMY 7 Clinical, USA 
(6) Synthetic Mosaic  Recombined Pop   
Table 1: Strains used in for experimental evolution. Colors correspond to the subpopulation 
colors in Figure 1. Genomic backgrounds 3 and 6 are the focus of this thesis.  
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Experimental  Cycle  
 
The populations were grown for 48 hours in 10ml of minimal medium (0.17% yeast nitrogen 
base without amino acids or ammonium sulfate, 0.1% glutamic acid, 0.1% dextrose) in a glass 
tube containing a 7mm polystyrene bead (population size ~ 2 x 108 for culture; number on bead 
varies- see Figure 2). At the end of growth, the bead was removed with sterile disposable 
forceps, washed twice, and suspended in 500ul of sterile DI H20 in a microcentrifuge tube. The 
beads were gently sonicated to remove attached cells using and the cell suspension was used to 
inoculate the next 10ml tube for growth. 
 
After 4 serial transfers, asexual populations were refrigerated and sexual populations were 
sporulated for 48 hours. Asci were digested, and the spores resuspended in 1ml of minimal 
medium to allow germination and mating (population size ~ 105 spores). Finally, the refrigerated 
cultures and the mated spores were used to begin the next 12-day cycle. 
 
During each cycle: (1) the number of cells attached to the plastic bead was estimated via 
hemocytometer counts on serial transfer 3, (2) the sporulation rate for the sexual populations was 
estimated via microscopy, (3) the number of spores surviving digestion treatment was estimated 
via plate counts, and (4) the lack of sporulation in the refrigerated asexual populations was 




In order to estimate changes in phenotype over time, all populations were assayed at once using 
the same batch of medium. Cryofrozen glycerol stocks of samples of populations at cycles 0, 2, 
4, 6, 8, and 10 were used to inoculate tubes of 10ml minimal medium and grown for 48 hours. 
These cultures were used to inoculate 2 replicate test tubes with two beads in each, for a total of 
four beads per population per time point. The cultures were grown and the beads processed as in 
the experimental cycle. The populations that are the focus of this thesis were phenotyped again 
(each background in its own single assay) when stocks were grown up for DNA extractions.  
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Genome Extraction and Sequencing 
Cryofrozen glycerol stocks of populations at time points 0, 3, 6, 9, and 12 were used to inoculate 
10ml of minimal medium and grown for 48 hours. Cells were harvested and the DNA extracted 
using the Qiagen Blood and Tissue Kit (genetic background 3) or the IBI gYEAST Genomic Kit 
(genetic background 6). Samples from background 3 were sent to the Duke Genome Sequencing 
Core for KAPA library preparation and sequencing on an Illumina HiSeq 2000 instrument with 
single-end 50bp reads to an average coverage of 130X-fold. Samples from background 6 were 
sent to the University of Georgia Genomics and Bioinformatics Core for KAPA library 
preparation and sequencing on an Illumina NextSeq500 instrument with paired-end 75bp reads to 
an average coverage of 100X-fold. 
 
Materials and Methods for Analysis 
Clonal Population Analysis 
Illumina reads from all samples (control, asexual, and sexual) from the European wine strain 
were aligned to its ancestor genome HMY222 using the  Burrows-Wheeler Aligner (aln and 
samse commands) (Li and Durbin, 2009). Bam files were indexed, sorted, and duplicates 
removed using samtools (Li, et al., 2009).  Read groups were added with Picard tools 
AddOrReplaceReadGroups. Variants were called in all time points in each population at once 
using GATK4 HaplotypeCaller (Van der Auwera et al. 2013) with a minimum phred-score of 40. 
Mutations were excluded if they had less than 10x average coverage across all time points or if 
GATK called two or more alternate alleles at that site. To calculate allele frequencies at each 
time point, at each site in the genome, allele counts were extracted from the resulting VCF file; 
the alternate allele count was divided by the total count at the site. Only reads that reached a 
frequency of at least 0.1 in two or more time points were included in the downstream analysis. 
Since the frequency of a mutation should be correlated across time points, we only included 
mutations whose frequency trajectories were correlated (autocorrelation > 0.2) using a lag-1 
autocorrelation test in R. 
 
In order to identify potential linkage, the filtered list of candidate mutations per population were 
then plotted by frequency and grouped by similar frequency trajectories. They were then 
annotated using Ensembls Variant Effect Predictor. To identify over-represented annotations, we 
  Ahmad 
 
ran a GO enrichment analysis on our identified genes (Mi, et al., 2013). To identify potential 
ploidy, we extracted read depth for each time point of each population (control, sexual, and 
asexual) using samtools depth.  
 
Synthetic Population Analysis 
Since this background strain is a synthetic mosaic comprised of 5 ancestral genomes, there were 
5 options for a reference genome. In order to facilitate comparison to the clonal background, 
these reads were aligned to the HMY222 genome. Future analyses may align these reads to the 
other ancestral genomes. 
 
Similar to the clonal strain, Illumina paired-end reads from all samples (control, sexual, and 
asexual) were aligned to the HMY222 genome using Burrows-Wheeler Aligner (aln and sampe 
commands) and bam files were indexed, sorted, and with duplicates removed using samtools. 
Read groups were added with Picard tools. Due to the large size of bam files, variants were 
called separately for each cycle of each population and the resulting VCFs were merged into 
their respective populations using GATK4 (HaplotypeCaller and CombineVariants). Mutations 
with more than one alternate allele were filtered out. Frequencies were calculated similar to the 
clonal population, by extracting allele counts from the merged VCF files and dividing the 
alternate allele count by the total count at each site.  
 
Since the reads of the synthetic background are aligned to HMY222, we can assume that any 
mutations that are fixed after selection are due to the any of the 4 other genetic backgrounds that 
this population is comprised of. Not only will this allow us to identify how much of the synthetic 
mosaic strain is made up of HMY222, but will also allow us to determine how much variation 
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Results and Discussion 
 
Previous studies have shown the useful 
implications of using plastic adherence as 
a model for biofilm formation in 
opportunistic bacterial pathogens 
(Traverse, et al., 2012, Lieberman, et al., 
2011, 2015). Members of our lab have 
successfully adapted a protocol for 
selecting for biofilm forming yeast 
through plastic adherence. Thus, the cells 
that have been sequenced in this 
experiment are those that were strongly 
selected for the ability to adhere to plastic.  
Asexual and sexual strains from all 5 
"pure" population backgrounds  were evolved for ~600 generations, with cells per bead counted 
Figure 3: Linear regression of growth of the number of cells on beads for both asexual and sexual 
populations of the clonal strain when all populations are assayed simultaneously in replicate. Dashed lines 
represent sexual populations; solid lines represent asexual populations. Left panel: each replicate 
population analyzed separately; right panel: effect of reproduction treatment. 
 
 
Figure 2: All population backgrounds through cycle 12, 
as monitored during the experiment. Blue 
is the clonal strain (HMY222) and black is the synthetic 
mosaic strain. Dashed lines are sexual populations and 
solid lines are asexual . 
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every ~150 generations. Out of all the population backgrounds we consider in our experiment, 
the synthetic mosaic background adapts the fastest (Figure 2). This is consistent with studies 
focusing on clinical yeast isolates, as they find that most clinical strains have highly 
heterozygous origins. The European Wine (HMY222) background, which is our other 
background of interest, adapts the next fastest. This implies that different genetic backgrounds 
can lead to similar outcomes of pathogenicity and infection.  
  
Selection on the Phenotype 
As expected, our cell bead count shows that sexual populations adapt faster than asexual 
populations. This is further confirmed in a larger, replicated phenotypic assay of our two 
backgrounds of consideration, our clonal and mosaic populations, in which sexually reproducing 
replicates adapt significantly faster than asexually reproducing replicates. (Figures 3, 4) These 
results are preliminary, but important for understanding the importance of variation at the 
molecular level.   
 
Selection on the Molecular Level: Clonal Background 
To reveal the evolutionary mechanisms behind faster adaptation at the molecular level, we 
analyzed novel alleles in our clonal background and detected an average of 93 highly selected de 
novo mutations per population.  No aneuploidy was detected in this background. To compare the 
Figure 4: Linear regression of growth of the number of cells on beads for both asexual and sexual 
populations of the synthetic mosaic background when all populations are assayed simultaneously in 
replicate. Dashed lines represent sexual populations; solid lines represent asexual populations. Left 
panel: each replicate population analyzed separately; right panel: effect of reproduction treatment. 
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rate of adaptation and identify potentially linked alleles, we analyzed the dynamics of adaptation 
by observing novel mutation trajectories over time. Earlier studies suggest that clonal 
interference and hitchhiking will be exhibited in asexual populations (Lang, et al., 2015; 
McDonald, et al., 2016), thus slowing down the rate of adaptation.  
 
Beneficial mutations can take a long time to fix or disappear in asexually reproducing 
populations if other beneficial mutations from another lineage arise in the same population 
(Lang, et al., 2015).  Furthermore, multiple mutations in the same lineage can arise and move in 
synchrony through the population as a cohort. When comparing our asexual and sexual 
populations to each other, we see that cohorts of potentially linked mutations reach higher 
frequencies in the asexual population near the end of the experiment (Figures 5, 6). Additionally, 
less mutations are fixing at earlier generations than in the sexual population, indicating that 
adaptation for pathogenicity is happening slower in asexual microbes.  Only results from two 
replicate lines are presented – the second sexual replicate had to be dropped due to insufficient 
data and only one (out of two) asexual replicate is shown for ease of comparison.  
Figure 5: Allele frequency trajectories of mutations in an asexual clonal population. 125 mutations 
were identified after filtering. Adaptation appears to be slower than that of sexual mutations. Colors 
represent potentially linked alleles. 













Figure 6: Allele frequency trajectories of mutations in a sexual clonal population. 130 mutations were 
identified after filtering. Adaptation appears to be faster than that of asexual mutations. Colors 
represent potentially linked alleles. 
Figure 7: Gene classification results by the Panther Classification System. Molecular 
and biological functions are shown for both asexual and sexual populations.  
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In order to understand the functional dynamics behind pathogenicity, we looked into the gene  
ontology enrichment results of each mutation we identified (Figure 7). There appears to be no 
major differences between the functional genes identified between the asexual and sexual 
populations, with catalytic activity making up most of the molecular changes. Out of both 
populations, only one biological process was significantly overrepresented, which was the 
respiratory electron transport chain. 
 
Selection on the Molecular Level: Mosaic  
Background 
 
While analyzing initially clonal populations is important to understanding what drives the 
outcomes of adaptation, studying populations with a large amount of standing genetic variation 
can give us new and perhaps more relevant insights. These insights on highly heterozygous 
populations can be more easily applied to real world clinical applications (Strope, et al.).  
 
Figures 8 and 9 depict the different mechanisms driving evolution of pathogenicity in a 
population of large amounts of standing genetic variation.  Since there were ~ 2,000 SNPs 
segregating in the population (due to mixing of 5 different genetic backgrounds), rather than 
tracking individual alleles over time as we did in the clonal background, we will instead plot the 
frequency of all the SNPs across the genome and investigate the change in patterns over time. 
Only results from two replicate lines are presented for ease of comparison, but additional 
replicates for both asexual and sexual populations are included in Supplemental Figures. 
 
Remembering that the population sequence data were aligned to the L-1528 reference genome, 
the starting population shows the majority of SNPs fall into 3 expected categories: (1) nearly 
fixed at 1, which suggests the L-1528 background allele was incompatible in the population; (2) 
nearly fixed a 0, which suggests the L-1528 allele was favored, and (3) around 0.8, which 
suggests segregating variation (if the L-1528 is at 0.2, then the alternates alleles that are plotted 
should be at 0.8).  
 
Investigating the changing patterns over the experiment, it is apparent that clonal sweeps are 
occurring in our asexually reproducing populations, as the majority of variation is entirely lost by 
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the ~600th generation. Additionally, the outcomes of our asexual replicates differ between each 
other – which is no surprise given that previous studies have shown that selection will fix on a 
different initial clone, depending on what other mutations occur during the experiment. 
(Kosheleva and Desai, 2017).   
 
On the contrary, in sexually reproducing replicates we find that adaptation is driven by many 
linked variants that appear to be weakly selected. Kosheleva and Desai, 2017 uncovered this 
pattern, but further analysis will need to be done to determine if this phenomenon is really 
happening in our populations.  Across all 4 replicates, variation is maintained and at many loci, 
inititally linked variants are broken down as they traverse each generation. Additionally, between 
population variance appears to be reduced as most alleles follow the same fate in each replicate, 














Figure 8: Frequency plots of the whole S. cerevisiae genome of one of the asexual replicates. 
Mutations were referenced against the European Wine (HMY222) background and called by 
GATK4 HaplotypeCaller. Chromosomes I-IV. 
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Figure 8 (cont’d.) Chromosomes V-VIII & IX-XII 
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Figure 8 (cont’d). Chromosomes XIII - XVI 
















Figure 9: Frequency plots of the whole S. cerevisiae genome of one of the sexual replicates. 
Mutations were referenced against the European Wine (HMY222) background and called by 
GATK4 HaplotypeCaller. Chromosomes I-IV & V-VIII 
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Figure 9 (cont’d.) Chromosomes IX-XII & XIII-XVI 




In this thesis, we have demonstrated the differences between adaptation in asexual and sexual 
populations in different population backgrounds of interest. In both initially clonal populations 
and highly heterozygous populations, sexual reproduction speeds adaptation through 
recombination while asexual populations adapt at a slower rate due to clonal interference and 
hitchhiking. In populations with vast amounts of standing genetic variation, sexually reproducing 
strains maintain variation throughout every generation, while purging any deleterious alleles by 
breaking linkage disequilibrium.  On the other hand, we show that asexual strains tend to sweep 
clones to fixation, with high variation between replicates. These results help reveal the 
implications of how important genetic variation is in the evolution of a pathogen, and the wide 
range of genetic variation a pathogen can arise from.   
 
Future Directions 
Further analysis will delve into identifying whether the specific molecular functions and 
pathways implicated in the mosaic background are the same as those in the European Wine 
clonal strain. Furthermore, similar analysis of the mosaic background aligned against the four 
other ancestor populations could reveal more insights in how much genetic variation and which 
global backgrounds – particular to biofilm formation – are responsible for the adaptation of 
mosaic strains. We would also like to quantify the effects of sexual reproduction and measure 
selection coefficients of our populations.  Given the rise of opportunistic S. cerevisiae infections 
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Sexual Replicates 1-3: 
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